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ABSTRACT

When synchronous generators are subjected to short-circuit or open-circuit in the
excitation system, the accurate calculation o f the machine transient performance depends
on the load, power factor, open-circuit resistance and the saturation condition o f their
main flux paths. In this research work, computer model for synchronous generators have
been developed using the IEEE3.3 equivalent circuit utilizing flux and current differential
equations. Main flux saturation and governor control loop were considered in the
developed model. The generator terminal impedance, seen by an impedance relay, takes a
certain period o f time to fall to the relay characteristic circle. The effect o f the main flux
saturation both in the direct and quadrature axes on the determination o f the transient
performance and seen impedance by the protective relay o f synchronous generator is
demonstrated in this research work.
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1. Introduction

1.1 Synchronous Generator Protection Review
Synchronous generators supply almost all the electric power we consume today. The
rotor o f a synchronous generator needs to be driven by a source o f mechanical power or
prime mover and the field winding needs to be fed by a source o f DC power in order to
provide active and reactive power to the power system. These exclusive combinations o f
electrical and mechanical equipment need to be protected against different kinds o f faults.
Generator faults are always considered to be serious since they can cause severe and
costly damage to insulation, windings, core, shafts and couplings [1]. Protective relays
using variety o f signals are meant to monitor and provide proper signals to alarm or
remove the generator from the system under faulty conditions. Such abnormal conditions
and associated protective devices will be discussed in the next section. AMERICAN
NATIONAL STANDARD INSTITUTE [ANSI] numbers o f the protective devices are
listed in [2],

1.1.1

Synchronous Generator Protection Relays

Abnormal conditions o f a generator could be in the stator or in the rotor field [3].
Figurel illustrates a typical generator protective scheme. Each protective device could be
a stand alone relay or multi function relay. W ith the introduction o f fast CPUs, numerical
relays contain more than one protective device are very common. Use o f multi function
relays has advantages o f simplicity in testing qnd calibrating, saving panel space, faster
and easier installation and wiring [4], As Figure 1 [5] shows the relay needs different
analog signals representing generator working Conditions such as voltages, currents, and
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temperature. These signals are being provided to the relay by sensors and current and
voltage transformers. Numeric relays using digital processing techniques converts these
analog signals to a discrete signal and with different algorithm the amplitude and phasor
angle o f the signal could be obtained. The numeric procedures are explained in [6]-[9].
W ith these signals, relay will internally calculate the other parameters needed for a
particular protective function. If calculated parameter exceeds the relay settings set for
the particular generator, the relay will provide the appropriate signal for tripping or
alarming purposes.

21G X

BUS

[81L/H

80V

51V

TO
VOLT
REG

-t 64F

87G
FIE LD

GEN

86G

5 1 GN

RES

84G1 ){S4G 2 JI27TN

Fig. 1. Generator protection scheme [5].
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1.1.2 Brief Description of the Synchronous Generator Protective Devices
Each protective function represented by an ANSI number [2] is well known in
industry. In this section the devices shown in Figure 1 will be briefly explained in
numerical order.

Device 21: Distance relay
This relay is an impedance relay which uses voltage and current phasors to measure the
impedance in front o f the generator. Basically this device protects the generator from an
external fault. If this impedance falls into the relay characteristic, relay will trip the
generator. Figure 2 illustrates a typical distance relay characteristic and the impedance
trace after fault [10].

Device 24: Overexcitation relay
This relay uses voltage and frequency to calculate the ratio V/Hz and if the value exceeds
1.05 per unit (pu), the relay picks up. Oveijexcitation can occur during start-up or
shutdown at reduced frequency. This abnormal condition can cause localized hot spot in
the stator, lamination damage and field over-teniperature [3],[11].

m
£0

O'

20

40
so
m
Resistance (ohm)

too

120

140

Fig. 2. Typical distance relay characteristic [10].
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Device 27: Under-voltage relay
This device monitors the generator voltage and will provide signal if the voltage drops
under the limit. Voltage measurements can be used to detect that something unusual is
happening on the system, but generally this information will not give any indication o f
the location o f the problem. Hence, measurement o f voltage is usually reserved for
overall system protection functions [12].

Device 32: Power direction relay
This device is a reverse power relay which monitors the direction o f generator power to
prevent any reverse flow o f active power (motoring mode o f operation). Motoring is an
abnormal condition that can cause serious mechanical damage to prime mover. A time
delay is always associated with this device to lbt normal power swing and synchronizing.
In some applications this relay could be used for load shedding [13].

Device 40: Loss o f Excitation
This device is an impedance relay connected to generator terminals to monitor generator
impedance. When a generator loses excitation, it operates as an induction generator
running above synchronous speed [14]. Undeir such condition the generator impedance
enters the relay characteristic. This relay will be discussed in detail in this research work.

Device 46: Current unbalance
This device monitors the negative sequence component o f the current and if this current
exceeds from the relay setting, relay will operate. The most common causes o f unbalance
current are system asymmetries, unbalance loads, unbalance fault and open phase [3].
These system conditions produce negative-pha$e-sequence components o f current which

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

induce a double-frequency current in the surface o f the rotor, the retaining rings, the slot
i
wedges, and to a smaller degree, in the field winding. These rotor currents may cause
high and possibly dangerous temperatures in a very short time [13].

Device 49: Over temperature
This device senses the temperature through RT]D or TC at different spots o f the generator
and provides a thermal protection. Usually this relay is not used for primary protection
[5].

Device 51: Time delay over current
This device monitors currents flowing through generator windings and provide a time
i
delay over load protection for the particular part. The relay has an inverse time
characteristic and provides a time delay which is inversely proportional to the over load
current magnitude [15]. Device 51V is the voltage restrained time delay over current
relay which provides better protection when under voltage condition exists [13],

D
H

-1

0.1

m
Current (Amp.)

Fig. 3. Typical over current relay characteristic [15].
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Device 59: Over voltage relay
Over voltage relay is for monitoring the voltage and if the voltage exceeds from the relay
preset level, it will trip. Over-voltage can shorten insulation life and accelerate insulation
failure.

Device 60: Voltage Balance
This device compares two voltages from two different set o f voltage transformers (VTs)
and kicks in if these two voltages are not balanced. Most common use o f this relay is to
detect VT fuse failure. If a fuse blows in the protective relay, the relay will alarm and
block possible incorrect tripping by protective reelays whose performance m ay be affected
by the change in potential. Typical relay fun<ctions such as 21V, 40V, and 51V are
normally blocked [13].

Device 64: Ground fault
The function o f this device is to detect ground fault in the stator or rotor field winding. It
is a common practice to ground all types o f generators through some form o f external
impedance. The purpose o f this grounding is tp limit the mechanical stresses and fault
damage in the generator, to limit transient voltages during faults, and to provide a means
for detecting ground faults within the generator. The magnitude o f stator ground-fault
current decreases almost linearly as the fault location moves from the stator terminals
toward the neutral o f the generator [16]. For a ground fault near the neutral o f a wyeconnected generator, the available phase-to-■ground fault current becomes small
regardless o f the grounding method. Therefore typical over current relays are not suitable
to detect ground fault.
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Device 78: Out-of-step relay
This function o f this relay is to detect the loss-of-synchronism condition o f the generator.
The relay contains o f two blinder elements supervised by a mho relay to prevent nuisance
tripping for stable swings. Figure 4 illustrates the relay characteristics [17]. The basic
operation o f this relay is the same as LOF relay and it will well explained in the next
chapter.

Device 81: Over/Under frequency
This relay is to detect abnormal frequency conditions. The operation o f generators at
abnormal frequencies (either over-frequency or under-frequency) generally results from
full or partial load rejection or from overloading o f the generator. Full or partial load
rejection may be caused by clearing o f system 'aults or by over-shedding o f load during a
major system disturbance. Load rejection will cause the generator to over-speed and
operate at some frequency above normal [3]. Multi stage under frequency relay can be
used for automatic load shedding [18].

1-''S raia <

k

V

\

//
t
t
/ BM
p kx-ip

„ p h -u p

/
/

Fig. 4. Out o f step relay characteristic [17].
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Device 87: Differential Relay
This relay looks into a zone defined by location o f current transformers and if the input
current does not match with output current in that zone, it rapidly trips the generator. The
most common differential relay is variable slope relay. In this relay there are two main
parts or coils. One is operating part and the bther is restraint part. The slope o f relay
characteristic varies with the values o f through current. Figure 5 illustrates differential
relay characteristic [19].

Terminal B

Terminal A

^ 1A
-m —

GRL100

Operate

Slope = 1

GRL10Q

Iset
GRJL100
Terminal C

n
Fig. 5. Differential relay characteristic [19].

1.1.3 Loss of Field or Excitation Protection (LOF)
The field circuit o f a synchronous generator needs to be excited by a direct current
supply in order to keep generator in synchronism with the power grid and to keep the
voltage constant. Basically synchronism between the power system and the generator is
maintained due to the interaction o f fluxes produced by the stator and rotor windings
[20]. Excitation can be provided in many ways including rotating dc exciters with
commutators, rotating alternator rectifier or static supplies. Power and torque pulsation
due to LOF conditions will be more severe op a generator with rectifier bridge supply
than for generator supplied by dc exciter [21], After LOF occurs, the decrease in the field

8
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current leads to a decrease in the electromaghetic torque while the mechanical

torque

from the prime-mover can not change immediately, thus the rotor will accelerate. Under
such condition, the generator speed will be above the synchronous speed and the
synchronous generator will operate as an induction generator. Due to the slip between the
rotating magnetic fields o f the stator and the rotor, ac currents are induced in the field
!

winding body and damper windings [20], [22]; Because o f reactive power drawn by the
LOF generator the system voltage is immediately reduced while the armature current o f
the generator is increased [23]. Under such circumstances, disturbance in the power
system would take place [24], The most common causes o f loss o f excitation include
[25]:
•

Loss o f field to the main exciter

•

Accidental tripping o f the field breaker

•

Short circuit in the field circuit

•

Poor brush contact in the exciter

•

Field circuit breaker latch failure

•

Loss o f ac supply to the excitation system

Since the rotor o f large turbo generators is not laminated, instead being machined
from a steel alloy forging, under loss o f excitation condition, substantial heat will be
generated by eddy currents [20],[26],[27]. Excess rotor heat is likely to affect the
integrity o f the field windings, insulation, wedges or retaining rings [21]. Damage to the
generator can occur in a timescale o f between 10 second and several minutes [28], [29].

9
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The loss o f excitation can be detected by field under-current and under-voltage relay
[30]-[32]. It has been reported that such relaying can not be adjusted to differentiate
between purposely reduced excitation during light load periods and loss o f excitation
[33], The single phase distance relay called mho relay [34] for LOF protection was first
introduced in [30], Such relay is connected at the generator terminal and looks into the
generator impedance. As for all impedance elements the characteristic is being drawn on
a X-R plane in which horizontal axis is resistance or real part o f the impedance and
vertical axis is reactance or imaginary part o f the impedance. It is recommended to set the
diameter o f the mho relay equal to d-axis synchronous reactance Xd with the offset equal
to half o f transient synchronous reactance X ’d!2 as shown in Figure 6 [30] although other
strategies are possible [20],[35],[36].
The voltage and current provided to the relay first filtered for aliasing and then by
digital techniques the amplitude and phase angles were determined. These values are
used to calculate different quantities such as power and impedance. The author in [30]
studied the effect o f different rotor constructions and system impedances on the seen
impedance. The relation between loss o f excitation and loss o f synchronism was
investigated in [37]. Using mho relay will increase the selectivity between loss o f field
and intentionally under excited generator [38]. As the machine begins to operate as an
induction generator, the impedance seen by mho relay converges on a negative reactance
value. In theory this value will be equal to the synchronous reactance at 100% slip and
equal to the transient synchronous reactance at zero slip [24]. The relay performance was
investigated in [20] utilizing micro machine based power system simulator including
transformer and power line impedance and digital hardware required to simulate an actual

10
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relay. The author recommended a pattern classifier such as neural network to distinguish
j
type o f field fault. A comparison between conventional graphical techniques [39] and
new mho relay was done in [40]. The graphical method is explained further in [41].
In [42], a phase coordinate machine model was employed whereas in [30],[22], d-q
axis model was used to investigate generator transient performance under LOF. Machine
performance was studied in [43] for four different modes o f operations. They are under or
over excited motor or generator. It is recommended in [3] to have the second circle with
diameter equal to 1.0 pu for severe fault condition to trip the generator instantaneously.
Generator stability under loss o f excitation fault is studied in [44]-[47] and a new
adaptive LOF relay using the rate o f change o f reactance is introduced in [48]. In [49] the
effect o f field discharging resistor on the generator shaft torsional torque was studied.

♦x

OFFSET *

-X

Fig. 6. Loss o f excitation jrelay characteristic [30].

1.2 Objective
The main objective o f this research work is to investigate the effect o f saturation on
the seen impedance by the LOF relay under logs o f excitation condition. In this research
work, the generator transient performance as affected by the loss o f excitation conditions

11
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is studied. The IEEE3.3 dq-coordinate model o f the synchronous machine has been used
to predict the generator performance.

1.3 Scope
For a specific known load, frequency, real and reactive power, and terminal voltage;
it is required to predict the current that will flow in the stator winding as well as the
produced electromagnetic torque. The IEEE3.3 equivalent circuits have been used to
develop the generator model. A computer program has been developed to solve the
nonlinear differential equations in the model using a standard numerical integration
technique with an iterative procedure based on Runge-Kutta algorithm.
Two different models, unsaturated and saturated, were developed and the results were
compared. The terminal current and voltage phasors have been obtained and the
impedance was calculated and plotted in X-R plane. Also the effect o f load, power factor,
speed control system and field discharging resistance on the transient performance were
investigated in this research work.

12
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2. Problem Definition

2.1 Loss of Excitation Transient
Electrical transient as described in [50] is an event that is undesirable but could be
classified as being instantaneous, momentary, or temporarily in nature. Electrical
transient is a problem for electrical power systems and could lead to misoperation o f
electrical equipment in the power system, overheating, tripping o f the electrical machines
or possible shut down. The machine transient under loss o f excitation is investigated in
great deals by other researchers [20]-[30]. As mentioned before under loss o f excitation
conditions, a synchronous generator will Continue providing pulsing active power and
draw large amount o f reactive power from the grid which can jeopardize the system
voltage stability [21]. Also the rotor o f the generator will experience thermal stress due to
induced eddy current because o f loosing synchronism [23]. Therefore the generator can
sustain internal damage and system stability can be lost [20], Detailed study o f these
research works has been done to understand the transient a generator and system will
experience under LOF.
As it mentioned before, LOF can be detected by an impedance mho relay [30]. The
LOF relay can have two circle characteristics [3]. One with time delay and diameter
equals to d axis steady state synchronous reactance and one without time delay and
diameter equals to 1.0 pu. The functionality o f this protective setting was investigated by
other researchers with modeling the synchronous machine with different details and
complications [40]-[43]. It was reported nuisance tripping o f LOF relay under stable
system swings [29],[39]. This was the subject o f a few research works to answer this
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question or come up with other techniques or relay settings to prevent nuisance tripping
or improve relay performance [48],[51]. In [21], a pre-modeled machine with required
hardware representing actual LOF relay was studied and the author believed the
conventional settings are satisfactory to protect the generator. In some cases the wrong
installation o f the relay or wrong wiring Were blamed for nuisance tripping o f the LOF
relay [46], When the LOF initiates the impedance seen by the relay starts moving from an
initial point which is in the positive resistance and reactance region towards negative
reactance and still positive resistance area. The shape o f the seen impedance and its
behavior through the journey from initial point to the entering point to the LOF relay
characteristic were studied to some kind p f extents by researchers neglecting machine
saturation [20],[30]. The use o f neural network to detect LOF fault and distinguish type
o f faults were recommended in [24]. In this research work, the impedance trajectory from
the initial stable point all the way to the entering point to the mho circle will be
investigated in great detail and the effect o f initial working condition, field discharging
resistance, speed control loop parameters and saturation on this trajectory will be shown.
Based on the result a new relay setting will be recommended. Since the diameter o f the
recommended setting is smaller than the one o f the conventional circle the new relay
settings will reduce the chance o f nuisance tripping due to stable swing and disturbance.
Also the potential o f utilizing o f pattern recognition techniques to distinguish fault types
will be discussed. As Figure 7 illustrating, iled o f synchronous generator is fed by a DC
source before fault occurrence or pre-fault period which is 0.1 sec. Then field being short
circuit with different values o f discharging resistance Figure 8.
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2.2 Saturation
Even though, understanding and being able to predict the dynamic performance o f
synchronous machine subjected to an electrical transient is essential; the effect o f
saturation on electrical transients under loss o f excitation condition on the machine
dynamic performance has not been widely investigated. The accurate calculation o f the
stator, field and damper winding currents tiepends on the saturation conditions o f their
main flux [52]. Saturation is a very common phenomenon in nature. For any electrical
machine, saturation o f flux occurs in the ferromagnetic core. The magnetic saturation is
very important in analyses o f synchronous machines [53]-[56]. Analytical treatment o f
this nonlinear effect requires mathematical representation o f the flux linkage-current
relationship o f the machine winding. This relationship, owing to hysteretis, is a nonlinear
function [57], Various mathematical models developed to take this nonlinear effect into
account when numerical model o f a synchronous machine is desired. Different
researchers have proposed different methods to model saturation in synchronous machine
[58]-[60]. Expressing saturating in terms o f variable magnetizing inductance has been
i
used in [61]-[63] although other techniques such as using auxiliary current source [64],
[65] is available. In this research work the first method will be used. A polynomial
function will be used to represent saturation characteristic obtained by the steady-state
on-load measurements. Inclusion o f saturation requires repeated solution o f all machine
equations at every time step o f the simulation. Two machine models will be considered.
Model 1: saturation is ignored.
Model 2: saturation in both the direct and quadrature axes is considered.
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Although the q axis saturation is considered in this research work but according to the
saturation characteristic [71] and machine working condition, ignoring q axis saturation
does not scarify accuracy for investigating transient performance under particular loss o f
excitation fault. This fact is not true for d-axis saturation. It will be shown that the d-axis
saturation has noticeable effect on the transient behavior.

Comparison will be made

between the results calculated by the two models to show the importance o f inclusion o f
saturation in both direct and quadrature axes for more realistic dynamic performance
prediction o f the synchronous generator under loss o f excitation condition. Having more
realistic model of synchronous generator could be used for better EMTP programs for
dynamic relay testing and real time digital simulator [66],[67].

2.3 Synchronous Machine Modeling
There are several kinds o f synchronous machine models with different complexity
and sophistication. Modeling and simulation o f synchronous machine are traditionally
based on the dq-axis model. This model can provide an accurate representation o f internal
machine phenomena and has therefore some advantages in modeling magnetic saturation
[68] and simulating machine internal faults. It can also reduce the difficulties in
interfacing generator model with power system network. An alternative method that uses
direct phase-domain representation is also available. The phase-domain method requires
the self and mutual inductance data o f various machine windings which are usually not
available [69]. The widespread direct and quadrature axis model based on Park
transformations has been used for machine transient performance study by many
researchers. This model can be classified by the number of damper circuits in d and q
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axis equivalent circuits. For power system stability studies, based on experience,
judgment and intuition, and often a lack o f data, it has been found sufficient to limit the
number o f rotor circuits to a small number usually three as maximum [70]. As mentioned
before rotor o f a generator that lost excitation will experience induced eddy current in
rotor body. Using damper circuits in d and q axis is one way to represent the path for
these induced currents. The most complex (model 3.3 or order 3) has a field winding and
two equivalent direct axis rotor iron windings. The quadrature axis structure o f model 3.3
has three equivalent solid rotor iron circuits or windings. This model 3.3 will be used in
this research work to investigate the generator transient performance under loss o f
excitation condition.

2.4 Speed Control System or Governor Modeling
As mentioned before because o f the nature o f LOF fault the generator will accelerate.
Therefore the effect o f speed control system or governor must be considered to obtain
more accurate model. Depending on the complexity o f the system, several models are
available. A multi degree control systems were modeled in [22], [23]. In this research
work a proportional and integral (PI) controller [64] will be used and the effect o f
proportional gain and integral action time on the seen impedance by LOF relay will be
studied.
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3. Synchronous Generator Modeling for LOF Transient Analysis
j

3.1 Equivalent Circuits
To investigate transient performance o f a synchronous generator under LOF fault, the
well known d-q axis generator model was Used. The 3.3 d- and q-axis equivalent circuits
o f synchronous generators, recommended by the IEEE guide [70] are shown in Figure 9.
Two damper windings in the direct axis and three damper windings in the quadrature axis
j
have been considered. From these equivaleht circuits, generator equations (l)-(3) can be
derived.

Ra

X,

j
(a) d-axis

-C O W d

Ka

^

lkq2^

mq
R kql

l/cq3j^

^~R kq2

Z^R kq3

(b) q-axis
j
Fig. 9. d- and q-axis equivalent circuits.
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3.2 Steady State Condition
To solve differential equations described in (l)-(3) the steady state operating
conditions o f the generator are needed. Machine phasor diagram illustrated in Figure 10
was used to calculate generator these steady-state operating conditions.

3.3 Unsaturated Machine Model
A model for unsaturated synchronous generator to investigate LOF fault has been
developed using the flux differential equations.
The following assumptions in the development o f the models are made:
(a) Effect o f iron and stray losses are neglected.
(b) Mutual coupling effects between d- and q-axis are assumed negligible.
From the equivalent circuits o f synchronous generators shown in Figure 9, stator
voltage can be expressed as follows:

=

Vd + R a i d + — 'Vq
CO0n
\
CO

V a + R a ia

CD

(i)

Vd

Also field voltage and d-axis damper circuit voltage as follows

n K v

kd\

/ ’( v

kd2 ) =

P ^ f

/rf ) = ® 0

) -

hdl
o R k d l ik d 2
X fd ~ R f d ifd

*

(2)

)

And q-axis damper circuit voltage as follows:
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/ ’(v kql ) ~

hq\

(3)

P ^ k q l ) ^ ~^R kq 2 hq2
P f a k q l ) = _C00 ^ ? 3 hq3

And according to phasor diagram illustrated in Figure 10, (4) can be written.
Vd = Vt sin 8, Vq = Vt cos 8
8 = tan -i

I t ,X q. cos 0 - I t .Ra. sin 0

(4)

Vt + 1, .X q. sin 0 + I t .Ra . cos 0

Where: co0 - 2 n f, f = 60Hz, p -

dt

The mechanical and developed electromagnetic torque equations can be expressed as:
p(8) = co - co0
(5)
/> (» )= j £ ( r - TJ
Where: Tem= \y d iq - y q id

(6)

In the determination o f the transient performance due to fault at the field winding, the
initial steady-state values o f the machine currents and flux linkages are calculated first for
a particular loading condition. To simulate the effect o f the fault, the field voltage or field
resistance in (2) is made equal to the fault values. This together with the initial steadystate values o f the currents, flux linkages, speed and load angle at the beginning o f the
time step are used to find the flux linkages, speed and load angle after the fault is
initiated.
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The calculated flux linkages at the beginning o f the step are then used to calculate the
armature (stator) and damper winding (rotor) currents at the end o f the step by using
following synchronous machine current equations:
■1

(7)

^kql ^kq2 ^kql }

(8)

V f d W kg l W k q 2 V k q l F

(9)

l kd 1 ^kdl T’fd

V = \}V d V k d l

- xd

0

0

0

0

Xmd

0

0

0

0

Xmd+Xkd2 Xmd

0

0

0

0

0

0

Xmd

Xmd

~Xmd Xmd+XkdL
~Xmd
~Xmd

Xmd
Xmd

Xmd

Xmd

Xmd

Xmd+Xfd

0

0

0

0

0

0

0

0

0

0

~Xmq Xmq+-^k4

0

0

0

0

~Xmq

0

0

0

0

~Xmq

~*9

Xmq

^mq

( 10)

Xmq

Xmq

Xmq

Xmq

Xmq+Xkql

Xmq

Xmq

Xmq

Xmq+Xj^

Where: X d=Xmd+Xl and X q- X mq+Xi and in this case all values are unsaturated values.
The calculated currents, flux linkages, speed and load angle at the end o f the step can be
used to find the transient performance for the next time step.
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q-axis

Vd

d-axis

Fig. 10. Steady-state generator phasor diagram for lagging power factor.

3.4 Saturated Machine Model
Model o f synchronous generator considering the saturation along the direct and
quadrature axes has been obtained by modifying the unsaturated model that was
described in the previous section.

3.4.1 Saturated Model considering d-Axis and q-Axis Saturation
In this case, both d- and q-axis saturation are considered. The unsaturated d- and qaxis magnetizing reactances are replaced by their corresponding saturated values. These
d- and q-axis saturated magnetizing reactan es, X mds and X mqs, are obtained by modifying
the corresponding unsaturated values, X mdU and X mqu, with two saturation factors
calculated from the polynomials fitting the saturation curves. The d- and q-axis
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magnetizing ampere-tums (ATd, A Tq) are used to locate the operating points on the d- and
q-axis saturation characteristics respectively.
By applying the procedure described above, the transient performance o f synchronous
machines considering the saturation along the direct and quadrature axes can be
calculated. However, in this case, an iterative technique has to be applied to determine
the transient performance as the saturated d- and q-axis magnetizing reactances are a
function o f magnetizing current.

3.5 Speed Control System Modeling

In order to respond to the variation in the generator electrical load and to keep the
terminal voltage frequency at desired 60 Hz, a governor control system shown in Figure
11 was considered. This speed control system could be as simple as just a PI controller.

co0 (pu)
u+

Generator
Model

Fig. 11. Generator speed control loop
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The differential equation describes the speed control loop is as follows:

P (pm ) =- ~ T (©0 - ®
J +T
7-(p m0 - Pm )

( 11)

T _ ©0 Pm
C0„

( 12)

OJ0Ki

Kt

Equation (11) in addition to equations (l)-(5) describes the mathematical model o f the
synchronous generator.
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4.

Numerical Simulation

4.1 System Studied and Machine Parameters
The three-phase synchronous generator under investigation is connected to the infinite
bus through a transmission line as shown in thp one line diagram in Figure 12. The fault in
the excitation system occurs at 100 ms.

4.1.1 Machine Parameters and Operating Conditions
To investigate the effect o f the loss o f excitation on the transient performance o f saturated
synchronous generators, the proposed models Have been applied to a three-phase 900 MVA
Hydro One Nanticoke generator [71]. The machine parameters and the initial operating
conditions are presented in Table 1 and Table 2, respectively.
P+jQ

CT
Infinite bus

PT

a jo tb

nm r
LOF Reldy

Fig. 12. Single-line diagram for the system studied.
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Table 1. Machine parameters.

Rated voltage

24 KV

Rkdl

0.1162 PU

Rated Power

900 MVA

Xkd2

0.00753 PU

Frequency

60 Hz

Rkd2

0.00592 PU

Xmdu

2.152 PU

Xkql

1.657 PU

Xmqu

2.057 PU

R kql

0.00538 PU

XI

0.172 PU

Xkq2

0.1193 PU

Ra

0.0018 PU

Rkq2

0.1081 PU

Xfd

0.0155 PU

Xkq3

0.4513 PU

Rfd

0.00094 PU

Rkq3

0.0188 PU

Xkdl

2.732 PU

H

1.0 PU

Table 2: Operating conditions.
Terminal voltage

1.0 PU

Terminal apparent pov re r

1.0 PU

Power Factor

0.866

Speed control Gain Kp

20

Speed control Integral Time h

2 Sec.
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4.1.2 Machine Saturation Characteristics
The d- and q-axis saturation characteristics o f the particular synchronous generator used
in this research work are shown in Figure 13 [71]. The characteristics can be expressed by
two polynomials as in (13). The magnetizing currents or ampere turns for d and q axis
obtained by solving the machine equations will be used to obtain fluxes and then saturated
magnetizing reactance for each axis. Then the stator and rotor currents will be calculated
with respect to these new magnetizing reabtances till the currents calculated in two
consecutive iterations converge.

0.6

a
X
E

0.4

♦ c -axis saturation curve
« c -axis saturation curve

0.2

-

0.2

Am pere-Tum (pu)

Fig. 13. d- and q-axis saturation characteristic curves [71].
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y ds = f {ATd ) = -0.1501 AT] + 0.03S3AT] + 1 . 0 2 8 3 ^ -0 .0 0 0 7
V ds
^ mds

AT,

\yqs = f ( A T q) = -0.0155 ATq3 - 0 .2 2 4 6 ATq2 +1.066ATq -0 .0 0 1 2

(13)

X' mqs
^ = ^ qs
AT

4.2 Simulation Flowcharts

4.2.1 Procedures of Simulation for Steady State Conditions
In this section, the basic procedures used to perform the initial value calculation and
transient simulations by the proposed models are explained.
Figure 14 shows flowchart to calculate the initial values, where, terminal voltage,
apparent power and power factor are given as input. Then, the load angle (5) o f the machine
can be calculated. Then, the d- and q axes components o f the stator voltage and current, field
voltage and currents are determined.
An additional loop has been considered for taking saturation into account. By calculating
the d and q axis magnetizing currents and then using the saturation characteristics in Figure
13, the saturated d- and q-axis magnetizing reactances (Xmds and X mqs) can be obtained. These
new values o f the magnetizing reactance result new values o f stator and rotor currents and
load angle. And if all this current values are less thane = 1(T6 , the saturation condition is met
for initial conditions. Then fluxes and developed electromagnetic torque can be calculated.
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Calculate Fluxes and Te

Transient

Fig. 14. Initial value calculation flowchart for saturated and unsaturated model.
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4.2.2 Procedures of Simulation for LOF Transient.
To obtain transient performance o f the synchronous generator under LOF fault we have
to solve the system differential equations 1-3 and 11. In general, there are two methods for
the integration o f differential equations in power system simulation; one is an explicit
method, such as the 4th order Runge-Kutta method, and the other is an implicit one, such as
the trapezoidal rule. In this research work explicit method has been used. 4th order RungeKutta method was used and Figure 15 shows the flowchart.
The flowchart also illustrates an iteration process within each time step to determine
saturated magnetizing reactance in both d and q axis. Basically within each time step after
numerically solving differential equations and obtaining currents, saturated X d and X q need to
be determined. This involves an iteration loop and after the currents converge then the
process can proceed to the next time step.
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tn+1 = tn + A?;

zJ?: time step
/11d ~\lfd ^ Lkd\

No
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kdl

1

ATq = |^ 1 +ikq2 + ikq3

fault
V * = f { A T d ) , X mds = a t

Calculate fluxes for the next time step by
solving the differential equations 1 to 3

/ ' = X -1 y/

Calculate currents equation 7-9

Saturated
Model

No

Yes

No

n=n+ 1

r.max

Fig. 15. Calculation o f transient values after LOF fault for saturated and unsaturated model.
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4.3 LOF Relay

4.3.1 LOF Relay Characteristic
As mentioned in chapter 1, LOF relay is ail impedance relay connecting at the generator
terminal. This relay uses generator terminal voltage and currents to calculate generator
impedance. If the impedance seen by the relay falls into the relay characteristic the relay
picks up and provides an alarm or trip signal after a time delay. The relay characteristic can
be set and programmed with respect to generator steady state d-axis synchronous reactance
Xd and d-axis transient synchronous reactance X d . These two values were used to draw a
circle representing the relay characteristic with diameter equals to Xd and offset equals to
Xd 12 as shown in Figure 6.

4.3.2 Seen Impedance by the LOF relay
The voltage and current values obtained from the developed generator model were used
|
to calculate generator impedance for different conditions and scenarios. The impedance was
calculated by dividing voltage phasor by current phasor. Then the real and imaginary parts o f
|
the impedance were plotted in an X-R plane. The time needed for the seen impedance by the
relay, can be obtained by time stamping the trajectory or run the simulation for certain period
o f time and see the end o f trajectory point. Since time stamping will result unclear graphs the
second method was chosen.
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4.4 Numerical Simulation Results
In the next four sections we are going to investigate the generator transient performance
under LOF for four different cases.

Case 1:
Generator performance under LOF for different values o f discharging resistance will be
investigated using the saturated model with speed control. In this case the fault was defined
as field voltage equals to zero for different values o f field resistance representing the
discharging resistance. The pre-fault operating conditions o f the machine are mentioned in
Table 2. The fault occurs in the field circuit at time /=0.1 Sec.

Case 2:
Generator performance under LOF will be investigated for two different generator models,
saturated and unsaturated models both with speed control considered. The pre-fault operating
conditions o f the machine are mentioned in Table 2. A short circuit occurs in the excitation
circuit at time £=0.1 Sec.

Case 3:
Saturated model o f the generator with speed control will be considered to investigate
machine performance under LOF for different initial loading conditions. In this case, the pre
fault loading conditions o f the generator will be varied to observe the machine behavior
under short circuit LOF occurring at £=0.1 Sec. Three following loading conditions will be
investigated.
1. Different apparent power with constant power factor.
2. Different active power with constant reactive power.
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3. Different reactive power with constant active power.

Case 4:
Saturated model o f the generator will be considered to investigate the generator transient
!

behavior under short circuit LOF for different values o f speed control parameters. Like the
first two cases generator is working in pre-fault conditions and LOF occurs at /=0.1 Sec.

4.4.1 Case 1
Generator Performance under LOF for different Values of Discharging Resistance

In this section the generator performance will be investigated for different values o f
discharging resistance. First the fault will be defined as a short circuit in the field without
changing the field resistance. Secondly the fault will be defined as an open circuit or sudden
insertion o f large discharging resistor in the excitation circuit. Lastly the LOF impedance
trajectory will be obtained for different values o f discharging resistance. Figures 16 and 17
illustrate the speed and rotor angle graphs after the generator lost its excitation. The faults
was defined as field short circuit or Rff= 0. It can be seen that somehow the generator
accelerates and delta increases. Each peak or sign change in rotor angle represents a pole slip.
The first pole slip occurs at about t=5 sec. and will happen again about every five seconds if
the faulted generator is not cleared from the system. Figure 18 shows the generator reactive
power. The pre-fault value power is positive means generator providing reactive power to the
system or lagging power factor. After LOF occurs the reactive power decays and eventually
the machine draws reactive power from the grid. As shown, the negative reactive power
amplitude could be as large as 1.7 times rated power. This would seriously put both generator
winding and system voltage stability in danger. Figure 19 illustrates the active power
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delivering by the generator. Although the generator still delivers power but the oscillation
and amplitude could cause mechanical damage to the generator shaft and turbine. Figure 20
shows the impedance trajectory and mho relay characteristic (circle). Before fault occurs the
seen impedance by the relay is in the positive Resistance and reactance quadrant. After LOF
fault is initiated the impedance loci is oscillatory and starts moving toward the relay circle
and then enters the circle at t=2 seconds. At this time the relay will sense the fault and will
provide the proper signal to trip or alarm after a preset time delay. Oscillatory behavior o f the
seen impedance can be explained by using Figure 9 that shows the oscillatory acceleration o f
the generator after loosing field. The oscillating speed will cause the same oscillating induced
currants in the damper circuits (Figures 34,35) and therefore the resistance and reactance
seen by the relay will oscillate accordingly (Figure 21).
Figures 22 and 23 show the speed and rotor angle under LOF with sudden insertion o f
discharging resistor (Rff=0.02 pu). They show a faster acceleration o f the generator and,
therefore, quicker approach o f seen impedance toward the mho circle (Figure 26). In this case
the first pole slip occurs at t= \2 seconds and will occur again every 2.4 seconds if the
I
generator stays online. Seen impedance will enter the circle after 0.35 second. Despite the
faster behavior o f the generator, by comparing Figures 24 and 25 with 16 and 17, it can be
noticed that the peak values o f active and reactive power are smaller in the open-circuit case.
From Figure 26, it can be seen that after the fault is initiated the seen impedance moves
toward the right/down side o f the X-R plane and then moves back to the left/down side and
the enters the circle. Figure 28 explains this behavior. It can be seen that the resistance
i
increases first and then decreases. The sharp curve on the seen impedance can be explained
by resistance as well. The change in the resistance value can be explained by the fact that
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before the fault occurs there is no current flowing through damper circuits therefore their
resistance can not be seen by the relay. The value o f this resistance depends on the value o f
the induced currents. Figures 29-31 show the total terminal and the largest d- and q-axis
damper currents for different values o f field resistance.
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Fig. 16. Generator speed under short circuit fault in the field circuit.
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Fig. 17. Generator load angle under short circuit fault in the field circuit.
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Fig. 18. Generator reactive power under short circuit fault in the field circuit.
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Fig. 19. Generator active power under short circuit fault in the field circuit.
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Fig. 24. Generator reactive power under short circuit fault in the field circuit.

1.3
1.2

B
0.9
0.8
0.7
0.6
0.5.

0.5

1.5

2.5

3.5

Time (sec)
Fig.25. Generator active power under short circuit fault in the field circuit.

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.5

Rfd=0 pu t=2 Sec—
R /^0.005 pu t=0.6 Sec

0

Reactance (pu)

0.5

1.5

o
o

o

■2

2.5 L
-1.5

-1

0.5

0

0.5

1.5

2

Resistance (pu)
Fig. 26. Seen impedance trajectory for different values o f discharging resistor.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.5

0.02

0.04

0.06

0.08

Discharging resistance (pu)

Fig. 27. Time needed for the seen impedance to enter the relay circle.

1.5

0
<
OD
§
0.5

-0.5

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Time (sec)
Fig. 28. Real and imaginary parts o f the impedance for different values o f filed resistance.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1.4
1.3

i?rtf=0.01 pu

Terminal Current

1.2

0.9

0.8
0.7
0.6
0.5.

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Time (sec)

Fig. 29. Terminal currents for different values o f filed resistance.

1.2
)3

a

!
1

0.8
0.6

0
<D
G
ao
o<
D
C/3
'§

0.4

0.2

-

0.2

-

-0.4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Time (sec)

Fig. 30. hd 2 currents for different values o f filed resistance.

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

i?«=0.02 pu

0.15

3
3

a
s3
oVh
<
Uh
O

0.1
0.05

-0.05

■§
H

-0.1
-0.15

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Time (sec)

Fig. 31 .Ikqs currents for anrerent values o f filed resistance.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.4.2 Case 2
j
Effect of Saturation on Generator Transient Performance under LOF.
In this section the generator performance uhder short circuit in the field circuit using the
two developed saturated and unsaturated models o f the generator will be investigated. The
generator pre-fault working conditions are the same as mentioned in Table 2. In this case,
speed control system with Kp=20 and Kj=2 Was considered. The short circuit in the field
occurs at t=0.1 second. It can be seen from Figure 32 that pre-fault seen impedances by the
relay for both models are in the same point even though the d and q axis currents are different
according to Figures 35 and 36. This can be explained by the fact that the generator is
working at synchronous speed and damper circuit currents are zero (Figures 35 and 36)
therefore their impedance will not be seen by tile relay. After the fault occurs, the impedance
will be approaching the relay circle for both saturated and unsaturated models but with
different speeds (Figure 32). According to Figjure 33, the time for saturated model is 2.00
second and for unsaturated model is 2.53 second. The larger d and q axis current values
shown in Figures 30 and 31 would explain this. This time the LOF relay will see damper
circuit resistances which depend on the induced current in them. It can be noticed from
Figure 34 that after fault occurs resistance or real part o f the impedance increases and at
about 0.7 sec starts decreasing. On the other hand, the imaginary part o f the impedance or
reactance is decreasing all the time. As mentioned before, the rate o f change in the resistance
and reactance for saturated model is greater thari the unsaturated one which explains why the
seen impedance enters the circuit quicker in the base o f the saturated model.
As shown in Figure 38, the unsaturated impedance needs 2.53 seconds to enter the relay
circle. In saturated case, if the simulation runs for the same time (2.53 seconds), the seen

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

impedance will be at point “b” which represents the circle with diameter equal to 1.73 pu.
This investigation shows that for this particular machine the relay characteristic can be set to
a smaller value equal to 1.78 pu instead of|X^=2.3240 and still has the same level o f
protection. This can reduce the risk o f nuisance trip as discussed in the second chapter.
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Saturated

-

2.5

Resistance (pu)

Fig. 32. Seen impedance by the relay for saturated and unsaturated model.
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4.4.3 Case 3
j

Effect of Generator Initial Conditions on Transient Performance under LOF
i
j

To investigate the effect o f initial loading conditions on the generator performance under
LOF, the saturated model was considered. Fifst the initial conditions were calculated for
different value o f apparent, active and reactive load and then short circuit occurs in the field
circuit at f=0.1 second. Figure 40 illustrates seen impedance trajectory for three different
apparent powers at constant power factor. Increasing apparent power will move the initial
point to down/left side o f X-R plane and speed up the movement o f impedance trajectory.
This is because o f larger slip after the excitation lost. This behavior can be explained by
plotting speed, rotor angle and currents. To avoid the repetition o f the same figures just the
impedance will be shown. Figure 41 shows the impedance for three different active loads. It
can be noticed that increasing active power mbves the initial point down wards and again
speed up the movement. Figure 42 shows the impedance loci for three different reactive
powers. Increasing reactive power will slightly move the initial point up/left but does not
i

have big influence on the time impedance falls inside the relay characteristic.
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4.4.4 Case 4

Effect of Governor System Gain and Integral Time on the Transient Performance
under LOF.

To investigate the effect o f control gain and integral action time on the seen impedance
saturated model with load condition in table 2 was considered. Short circuit LOF occurs at
f=0.1 second. In all cases simulation was run for the same time which was 2.1 seconds. For
gain Kp=20 we have the same trajectory as Figure 20. It can be understood from Figure 43
that increasing controller gain will slow down impedance trajectory speed. From analysis in
previous cases it was expected because speed Controller will cause the governor to provide
smaller mechanical power to the generator and therefore slow down generator acceleration.
The Figure shows that by increasing the controller gain the impedance speed will be
decreasing slightly. Figure 44 shows the effect o f integral action time on the seen impedance
trajectory. Decreasing integral action time will damp the speed and impedance faster but does
not have a noticeable effect on the total time needed to enter the mho circle.
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5. Conclusion
This research work is an attempt to develop a mathematical model for a saturated
synchronous generator to investigate the effect o f loss o f excitation fault. In the
developed model machine magnetic parameter variations due to saturation will be
considered to predict the machine transient performance accurately. The following
conclusions can be made from the finding o f these investigations:
1. The speed o f impedance approach to the LOF relay characteristic depends on the
value o f field discharging resistor.
2. The peak values o f active and reactive power after the LOF fault is initiated
depends on the value o f field discharging resistor.
3. The initial point and the shape o f seen impedance depend on the generator initial
conditions.
4. The effect o f generator initial active power load compare to reactive load is more
significant.
5. There are noticeable discrepancies between the results (for example, current
values and seen impedance) calculated by the models considering saturation and
those calculated by the model ignoring saturation.
6. The use of the unsaturated values o f the d- and q-axis magnetizing reactances can
lead to significant errors in the machine transient performance predictions.
7. The effect o f inclusion o f d-axis saturation on the generator transient performance
is significant.
8. Based on the effect o f saturation on the seen impedance trajectory and its speed a
new LOF characteristic is proposed.
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9. Speed control gain has some effect on the seen impedance trajectory speed.
10. Although speed control integral action time has some effect on the shape and
oscillation behavior o f impedance trajectory but does not influence the overall
speed.
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